GATA-binding proteins constitute a family of transcription factors that recognize a target site conforming to the consensus WGATAR (W = A or T and R = A or G). Here we have used the method of polymerase chain reaction-mediated random site selection to assess in an unbiased manner the DNA-binding specificity of GATA proteins. Contrary to our expectations, we show that GATA proteins bind a variety of motifs that deviate from the previously assigned consensus. Many of the nonconsensus sequences bind protein with high affinity, equivalent to that of conventional GATA motifs. By using the selected sequences as probes in the electrophoretic mobility shift assay, we demonstrate overlapping, but distinct, sequence preferences for GATA family members, specified by their respective DNA-binding domains. Furthermore, we provide additional evidence for interaction of amino and carboxy fingers of GATA-1 in defining its binding site. By performing cotransfection experiments, we also show that transactivation parallels DNA binding. A chimeric protein containing the finger domain of areA and the activation domains of GATA-1 is capable of activating transcription in mammalian cells through GATA motifs. Our findings suggest a mechanism by which GATA proteins might selectively regulate gene expression in cells in which they are coexpressed.
As revealed through targeted gene disruption, expression of GATA-1 is essential for normal erythroid development (26) . cDNAs for other vertebrate members of the GATA family have been isolated by virtue of their close sequence homology to the DNA-binding domain of GATA-1 (6, 13, 14, 18, 40, 45) .
In vertebrates, this DNA-binding domain (20, 41) includes two similar zinc fingers of the general configuration Cys-X2-Cys-X17-Cys-X2-Cys. Nonvertebrate members include the two-fingered C. elegans protein elt-1 (31) and several singlefinger fungal factors which also bind GATA motifs (4, 11, 12, 16, 23, 43) . The fungal finger region is more closely related to the carboxy finger of the vertebrate members (16) . Deletion and mutagenesis analyses have identified distinct functional roles for the two fingers of mouse GATA-1 (mGATA-1) (20) and chicken GATA-1 (cGATA-1) (41) proteins. The carboxy finger is required for binding, whereas the amino finger cooperates with it to provide full stability and specificity of binding.
Each GATA family member exhibits a distinctive, often overlapping, pattern of expression in tissues and cell lines. genitor cells, mast cells, megakaryocytes (44) , embryonic brain cells, primitive erythroblasts (40) , endothelial cells, embryonic stem cells, and a variety of other cells and tissues (6, 18, 39, 40) . In fact, GATA-2 has been implicated as a direct effector of selected endothelium-specific genes, such as preproendothelin-1 (6, 18, 39) . GATA-3 protein is highly expressed in T-lymphoid cells and embryonic brain cells (13) (14) (15) 40) , but elsewhere (endothelial cells and embryonic stem cells) it is expressed at a low level. A role of this protein in the regulation of T-cell receptor a-and B-chain genes has been suggested (13) (14) (15) . Expression of GATA-4 is restricted to the heart, intestinal epithelium, primitive endoderm, and gonads (1) .
A common property of all GATA proteins is their highaffinity binding to a sequence motif conforming to the consensus T/A (GATA) A/G. Motifs with assigned functional significance that conform to this consensus have been found in various regulatory regions (promoters of genes expressed in erythroid, megakaryocytic, mast, and endothelial cells; globin and T-cell receptor a-and B-chain gene enhancers; and a-and 3-globin locus control regions (for a review, see reference 25) .
The abilities of various members of the GATA family to recognize closely related, but not identical, DNA sequence elements raises interesting possibilities as to how differential gene regulation is accomplished in cells expressing more than one GATA protein. That is, differential regulation might be achieved by selective high-affinity binding of one, but no other, GATA family members to a target sequence because of subtle variations in their DNA-binding domains. To define the spectrum of DNA-binding sites recognized by different GATA family members in an unbiased manner, we have employed the method of polymerase chain reaction (PCR)-4000 MERIKA AND ORKIN mediated random site selection to identify sites recognized by different GATA members.
Interestingly, we found that a substantial proportion of DNA motifs selected by all GATA-binding proteins deviate significantly from the previously described consensus. Furthermore, we have identified binding sites which are preferentially recognized by a specific GATA family member. We also show that mGATA-1 and human GATA-2 (hGATA-2) proteins appear to exhibit a broader sequence specificity compared with that of hGATA-3.
We provide direct evidence that the single zinc finger of the areA gene from the fungus Aspergillus nidulans (16) is capable of mediating specific interactions with consensus and nonconsensus GATA motifs. By performing cotransfection experiments, we observed that transactivation of reporter constructs by mGATA-1 and hGATA-3 proteins parallels their in vitro binding to the respective sites. Furthermore, a hybrid protein derived by substitution of the finger region of mGATA-1 protein by the corresponding region of the areA molecule is capable of activating transcription from reporter constructs, containing different GATA motifs, in mammalian cells.
MATERIALS AND METHODS
Expression and purification of bacterially expressed proteins. Proteins used were produced in Escherichia coli by the bacteriophage T7 RNA polymerase expression system (34) . cDNAs for mGATA-1; CfmGATA-1 (residues 230 to 336); hGATA-3; the hybrid molecules mGATA-1(fhGATA-3), mGATA-1(Nf/fareA), and mGATA-1(fareA); as well as the genomic sequence of the areA gene (residues 467 to 587) were recovered by PCR with appropriate primers and cloned into the bacterial expression vector pET8C (35) . In this manner, nonfusion proteins were expressed. The cDNA for hGATA-2 protein (residues 284 to 406) (6, 18) was cloned into pET15b (Novagen) under the T7 RNA polymerase promoter, but in fusion with 27 amino acids contributed by the vector, including the six-histidine moiety. Plasmids were introduced into the bacterial strain BL21(DE3), which expresses the T7 RNA polymerase under the control of the lacUVS promoter. glycerol, 1 mM PMSF, 1 mM benzamidine, 0.5 mM DTT, 10 ,uM ZnSO4) containing 6, 4, 2, and 0 M urea. Renatured protein was centrifuged at 7,500 x g for 10 min at 4°C and was aliquoted for storage at -80°C.
hGATA-3, areA, mGATA-1(fhGATA-3), mGATA-1(Nf/ fareA) and mGATA-1(fareA) proteins do not form inclusion bodies in bacteria and were purified in a total bacterial lysate as follows: pelleted cells were resuspended in lysis buffer containing 25% sucrose, 0.2 mM EDTA, 40 mM Tris-Cl (pH 7.5), and 1 mM DTT. Lysozyme, PMSF, and urea were then added at final concentrations of 1 mg/ml, 1 mM, and 8 M, respectively. The lysate was incubated at 4°C for 1 h, and then centrifuged at 7,500 x g for 1 h at 4°C to remove insoluble material. The supernatant was subjected to stepwise dialysis against buffers (10 mM Tris-Cl pH 7.5, 25 mM NaCl, 1 mM EDTA, 0.1% Triton X-100, 1 mM DTT, 10% glycerol, 1 mM PMSF, 0.1 mM benzamidine, 10 ,uM ZnSO4) containing 6, 4, 2, and 0 M urea. Renatured protein was centrifuged at 7,500 x g for 10 min at 4°C and aliquoted for storage at -80°C.
hGATA-2 protein used in all experiments, as well as mGATA-1 and hGATA-3 proteins employed for affinity measurements, was purified to homogeneity as His fusion proteins. cDNAs were cloned into the vector pETlSb (Novagen). Proteins were purified as follows. Induced bacterial pellets were resuspended in buffer A (10 Binding reactions with the purified proteins used in the Kd determination experiments were performed and analyzed as mentioned above, with the exceptions that no nonspecific competitor was included and the BSA concentration was raised to 1 mg/ml.
The dissociation constant (Kd) determinations were performed under the binding and running conditions indicated above by using a constant amount of protein and serial dilutions of oligonucleotide probes. Quantitation of free and bound DNA was performed with a Phosphorlmager (Molecular Dynamics).
Plasmid constructions. Plasmids were constructed by standard methods. Eukaryotic expression constructs for mGATA-1, mGATA-l(fhGATA-3), and mGATA-l(fareA) contain the respective cDNAs cloned at the EcoRV site of pCDNA1 (Invitrogen). Reporter plasmids containing selected oligonucleotide sequences were generated by inserting one copy of the respective oligonucleotide at the HindIII site of TATA-GH (20) . All plasmid constructions were verified by DNA sequencing.
The mGATA-l(fhGATA-3) chimeric cDNA contains mGATA-1 sequences corresponding to amino acid residues 1 to 201 and 306 to 413. The finger domains of mGATA-1 (residues 202 to 305) (37) were replaced by the corresponding region of hGATA-3 (residues 260 to 365) (13) . Similarly, the mGATA-l(fareA) chimera contains the finger of areA (residues 501 to 567) (16) in place of the two fingers of mGATA-1.
mGATA-1(Nf/areA) retains the amino finger of mGATA-1.
In the areA finger construct, the expressed region included amino acids 467 to 587 of areA (16) . Chimeric constructs were generated by PCR amplification.
Cell culture, transient DNA transfections, and human growth hormone (hGH) and lacZ assays. Mouse NIH 3T3 cells were grown and transfected as previously described (20) . In all experiments, the input reporter plasmid was 2 ,ug.
Activator plasmid was varied from 0 to 12 p,g in the activator titration experiments. Vector DNA was added as necessary to achieve a constant amount of DNA. As an internal control for transfection efficiency, pCMV,B-lacZ plasmid (19) was added in all experiments. Medium for growth hormone assay was removed 48 to 64 h after removal of calcium phosphate precipitates. 3-Galactosidase activity was determined as previously described (30) .
RESULTS
Selection of DNA-binding sites for GATA family members. WGATAR (W = A or T and R = A or G), a motif commonly found in promoters and enhancers of globin genes, has generally been taken as a consensus sequence for binding of GATA family members (10, 38) . To define the specificity of these proteins in an unbiased manner, we used the method of PCR-mediated random oligonucleotide site selection (la, 36) (see Materials and Methods). As proteins for this analysis, GATA-1, -2, and -3 were produced in bacteria by using the T7 polymerase expression system (34) (see Materials and Methods). As full-length GATA-2 was exceedingly toxic to E. coli, we expressed a portion of the protein (amino acids 284 to 406) containing the DNA-binding domain for these experiments.
A compilation of sequences selected by these proteins is presented in Fig. 1 . The selected motifs are divided into four groups according to their similarity to the proposed consensus GATA recognition site. Groups 1 and 2 share a GATA core with consensus (group 1) or nonconsensus (group 2) flanking nucleotides. Those in groups 3 and 4 deviate from the consensus either within the core itself (group 3) or in both the core and flanking sequences (group 4). A consensus sequence deduced for the binding site of each protein is shown below in Fig. 1 .
From the compilation of selected sequences, several conclusions can be drawn. First, a surprising fraction of the sequences (groups 3 and 4) for all proteins deviate from the prior proposed consensus site for GATA proteins. In all instances, at least 50% of the selected sequences are within groups 3 and 4. As shown below, these do not merely represent low-affinity binding sites. Second, members of the GATA family exhibit overlapping, but distinct, specificities, as will also be expanded upon below. Third, among the mammalian proteins, sequences selected for GATA-3 binding exhibit the least variation in target sites, whereas modest and considerably higher variation is evident for the binding of GATA-2 and GATA-1, respectively.
In vitro binding of GATA proteins to randomly selected clones. Though the relative frequencies of bases at specific positions in the deduced consensus sequences for GATA-1, -2, and -3 apparently vary, the overall consensus motifs are not sufficiently different to distinguish the GATA family members on this basis in a clearcut manner. In part, this is the case because the conjoined frequencies at specific positions may be more relevant to binding affinities than the overall consensus sequence. To demonstrate that the selected sequences are authentic protein binding sites and to ascertain whether individual family members exhibit distinctive binding properties, we used the electrophoretic mobility shift assay (EMSA) with probes derived from the selected sequences. The probes used (restriction fragments of respective clones) were randomly chosen from groups 1 to 4 of sequences selected with GATA-1 and GATA-3 proteins. The binding of GATA-1 to various sites is displayed in Fig. 2A . As anticipated, GATA-1 binds to group 1-selected clones Assays of the same probes with GATA-3 reveal a distinct binding profile ( selection (Fig. 1) . From the direct comparison of binding assays shown in Fig. 2A and B, we conclude that the precise binding specificities of GATA-1 and GATA-3 differ and that GATA-3 has a more restricted range of potential binding sites.
As shown in Fig. 3 , the binding specificity of the GATA-2 finger domain approximates that of the GATA-1 protein more closely than that of GATA-3. Nonetheless, as revealed by assay with a probe containing the T/GATG/G motif, the binding specificities of GATA-1 and GATA-2 can be distinguished in at least one instance.
In total, 22 different probes were tested for GATA-1, -2, and -3 binding. Results are presented in Table 1 , with relative binding affinities scored as -to + + + + permitting clearcut discrimination between GATA-1 and GATA-3 binding and more subtle distinctions between GATA-1 and GATA-2 binding.
To substantiate the relative binding differences seen in the Fig. 4 . Kd measurements are summarized in Table 2 .
These closely parallel the relative binding evident in the EMSA. High-affinity binding sites exhibit Kds of -10 to 15 nM for GATA-1, -2, and -3 proteins. As expected from the EMSA results shown in Fig. 2 , quantitative data cannot be obtained for the interaction of the His fusion purified GATA-3 protein and the G/GATAIG site, ruling out the possibility that the purity of the GATA-3 preparation influences its binding specificity. Also as expected, methylation interference experiments (data not shown) confirmed that mGATA-1 makes specific contacts within the nontypical T/GATT/G motif.
To establish whether the different DNA-binding preferences we identified for bacterially expressed GATA-1 and GATA-3 proteins are also shared by their native counterparts, we tested our selected sequences in EMSA with MEL cell nuclear extract as a source of endogenous mGATA-1, MOLT-4 cell nuclear extract, and COS cells transfected with a hGATA-3 expression vector extract as a source of hGATA-3. The binding specificities were identical to those observed with bacterially expressed proteins (data not shown). Hence, the different specificities of the GATA ov,u members are intrinsic to the proteins rather than the consequence of modifications in mammalian cells.
Restricted binding specificity of the carboxy finger domain of GATA-1. Previous studies have suggested different roles for the two-zinc finger domains of both mGATA-1 and cGATA-1 proteins. Specifically, the carboxy finger is sufficient for DNA binding, yet the amino finger contributes to the stability of the protein-DNA complex (20, 41) . Using our collection of selected sequences, we have asked directly whether the binding specificity of the carboxy finger can be distinguished from that of GATA-1 bearing two fingers. For these experiments, the carboxy finger of mGATA-1 (amino acids 230 to 336) was cloned in a bacterial expression vector (see Materials and Methods). Bacterial lysates for this peptide, designated CfmGATA-1, were tested in parallel with intact GATA-1 by using the selected motifs shown in Table  1 . Although the majority of selected motifs bind with comparable affinities to the two proteins, there are several motifs (C/GATG/C, G/GATT/T, T/GATG/G, A/GTTA/G, G/GATT /T, C/GATT/C, and G/GATG/G) which bind with various affinities to intact GATA-1 but fail to bind to the expressed carboxy finger peptide. Therefore, these results demonstrate that one role of the amino finger is to increase the spectrum of sequences recognized by the carboxy finger. Thus, the two-finger domains interact in a complex manner in binding site recognition.
Restricted binding potential of GATA-3 is localized to the zinc finger region. A subset of selected sequences are bound by GATA-1 but not GATA-3. To determine whether this difference in specificity can be attributed to the zinc finger domains and/or other portions of the proteins, we constructed a chimeric molecule in which the two zinc fingers of GATA-1 were replaced with those of GATA-3. This chimera, designated mGATA-1(fhGATA-3), was assayed in parallel with intact GATA-1 and GATA-3 in EMSA. As shown in Fig. 5 , we find that the zinc finger domain of GATA-3 is predominantly responsible for its restricted binding specificity. Very low binding of some probes (C/GATT/G and C/GATG/C) to the chimera implies a minor contribution of the body of GATA-1 in directing or stabilizing complex formation. Nonetheless, this finger replacement experiment demonstrates that the binding specificities of the GATA proteins are determined by their finger domains, a result consistent with independent experiments which define this region as necessary and sufficient for DNA recognition (20, 41) .
The binding specificity of the areA finger closely resembles that of GATA-1. The carboxy finger domain of the vertebrate GATA proteins is more similar to the single finger of areA than is the amino domain (16) . We have examined the binding properties of the areA finger by expressing the finger alone or as chimeras with the body of GATA-1 in which the areA finger replaced only the carboxy GATA-1 finger [mGATA-1(Nf/fareA)] or both fingers [mGATA-1(fareA)].
By the random site selection method, the expressed areA finger-selected sequences resembled those recovered with the vertebrate proteins (Fig. 6A) . Again, about 50% of the sequences were within groups 3 and 4. To search more directly for binding site distinctions, we assayed the chimeric GATA/areA proteins with individual selected sequences. The binding specificities of mGATA-1(Nf/areA) and mGATA-1(fareA) were virtually identical (Fig. 6B ). These proteins, as illustrated by mGATA-l(fareA), were most similar to intact GATA-1, rather than GATA-3, in their binding profiles (Table 1) . Nonetheless, the binding of mGATA-1(fareA) and GATA-1 to some target sequences (e.g., T/GATG/G, C/GATG/C, and A/GTTA/G) could be distinguished. From these results we conclude that (i) the single finger of areA approximates the specificity of two-GGATAG, mGATA-1 fingered GATA-1 and (ii) it more closely resembles that of GATA-1 than GATA-3.
Transcriptional activation through nonconsensus GATA sites parallels in vitro binding. GATA proteins activate transcription upon DNA binding (6, 9, 13-15, 18, 20) . GATA-1 is a particularly strong activator in cotransfection assays. Indirect data suggest that, at least with a subset of binding sites containing overlapping or double GATA motifs, transactivation by GATA-1 may depend on the precise sequence to which it is bound (20, 41) . In addition, it has been proposed that the amino finger of cGATA-1 may itself contain an activation domain (41) . We, therefore, sought to determine whether transcriptional activation by GATA-1 and two chimeras, mGATA-1(fhGATA-3) and mGATA-1(fareA), paralleled their DNA-binding specificities or other properties of the respective molecules. The use of such chimeric molecules controls for differences in activation properties of GATA family members that would obscure direct comparisons. For example, GATA-3 is an appreciably weaker transactivator than GATA-1 in cotransfection assays (6, 14) . cDNAs for the respective proteins were expressed transiently in NIH 3T3 cells with the mammalian expression vector pCDNA1 (Invitrogen). As reporters, we used plasmids bearing the hGH gene driven by a minimal promoter into which single selected GATA binding sites were cloned (see Materials and Methods).
As shown in Fig. 7 , by using saturating levels of effector plasmids, we observed a strict correlation between in vitro DNA binding and transactivation in the cotransfection assay. For example, GATA-1, mGATA-1(fhGATA-3), and mGATA-1(fareA) all bind T/GATT/G and T/GATT/A motifs and activate reporter plasmids bearing these elements. Transactivation by the chimera with the finger domain of GATA-3 is reduced in reporters bearing C/GATT/A, T/GATG/G, C/GATAIT, and G/GATA/G motifs. In agreement with our in vitro binding data, only GATA-1 itself binds and activates transcription through the T/GATG/G motif; however, it does so at a low level compared with other reporters. To confirm these observations, we have also examined transcriptional activation by GATA-1 and mGATA-1(fhGATA-3) on three different targets with a constant input of reporter and variable amounts (0 to 12 ,ug) of effector plasmid (Fig. 8) . Again, transactivation directly parallels DNA binding by these activators. Differential protein accumulation can be excluded as an explanation for the differences between transactivation by mGATA-1 or mGATA-1(fhGATA-3) proteins through the G/GATA/G and C/GATT/A sites, since activation by the two effector molecules is equivalent when a high-affinity binding site for both proteins is included in the reporter construct (Fig. 8, upper panel, Mla-GH reporter). Thus, GATA-1 is capable of activating transcription through nonconsensus binding sites. In these experiments, we have not observed activation differences referable to properties of the finger domain unrelated to DNA binding per se. DISCUSSION GATA-binding proteins constitute a family of transcription factors that recognize a discrete target site, hitherto conforming to the consensus WGATAR (10, 38) . Members of this family have been found in fungi, C. elegans, Drosophila melanogaster (7a), birds, amphibians, and mammals (for a review, see reference 25). DNA recognition is achieved through novel zinc fingers that are present either once (as in areA) (16) or twice (as in C. elegans and vertebrates) in the protein (20, 31, 41) . In mammals, the four known members (GATA-1, -2, -3, and -4) are expressed in distinct, yet often overlapping, cell types and are regulated developmentally (for a review, see reference 25). Though the roles of these proteins in various cellular programs are still under active study, a requirement for GATA-1 in erythroid development has been established (26) .
Flexibility of binding sites for GATA family members revealed by PCR random site selection. In this study, we have addressed the DNA-binding specificities of different GATA family proteins. In particular, we have used the technique of VOL. 13, 1993 on PCR-mediated random binding site selection to isolate in an unbiased manner sequences bound by recombinant GATA-1, -2, and -3, as well as the fungal protein AreA. In contrast to expectations based on previous studies, we have detected distinct preferences in the binding of these proteins to specific target sequences. Several interesting conclusions can be derived from these results.
A principal finding of this study is the appreciably greater flexibility of the recognition sites for these proteins. Although sequences consistent with the prior consensus site are represented in the selected binding sites, many others that deviate both in the core and/or flanking sequences were identified. By EMSA and measurement of dissociation constants (Kds), we have shown that many of the nonconsensus sequences bind protein with a high affinity equivalent to that of conventional GATA motifs. Hence, despite the extent to which various experimental parameters, particularly the preparation of recombinant protein, the ratio of protein to (20) . The Interestingly, our selection scheme identified a few sites selected by a given GATA protein (notably, GATA-3) which bind poorly to the respective protein in EMSA. In contrast, the same sites bind more strongly to other GATA family members. As an example, the A/GTTA/G motif selected by hGATA-3 does not exhibit detectable binding with this protein in EMSA. However, upon incubation with GATA-1, binding is detected. Furthermore, when the C/GATAFT motif selected by hGATA-3 was tested for hGATA-3 or mGATA-1(fhGATA-3) protein binding, it also appeared to represent a low-affinity binding site. Nonetheless, efficient binding was obtained with all the other proteins tested (Table  1 ). These observations suggest that DNA motifs of this type do not represent irrelevant background of the random PCR site selection, but rather low-affinity sites revealed by repeated amplication steps. Whether such low-affinity sites would be functionally significant in vivo is speculative.
Differences in DNA-binding specificity reside in the finger domain. A novel finding to emerge from these studies is the subtle differences in binding site specificities that exist among the family members. In this regard, the more restricted specificity of GATA-3 compared with that of GATA-1 is most illustrative. Somewhat finer distinctions in binding specificities were apparent among GATA-1, GATA-2, and areA proteins. Different degrees of purity of the various GATA protein preparations cannot account for these observations, as individual motifs (such as G/GATA/G) permit a clearcut discrimination between mGATA-1 and hGATA-3 proteins from crude bacterial extracts, as well as from purified material ( Table 2) . By replacement of GATA-1 finger with those of GATA-3, we have demonstrated that their differential specificities reflect properties of the respective finger domains rather than other portions of the proteins. Accordingly, the specificity we have observed for the hGATA-2 finger region should closely approximate that of the native protein. Since limited amino acid substitutions in the finger domains characterize the vertebrate GATA-1, -2, and -3 proteins (45), we infer that specific amino acid differences in the otherwise highly conserved fingers direct subtle variation in target site recognition for these proteins.
Our data from using selected binding sites also provide additional support for the interaction of the amino and carboxy finger domains of GATA-1 in refining the binding site (20, 41) . Specifically, we have demonstrated that the binding specificity of the carboxy finger alone is subtly different from that of the two-fingered protein.
A more refined view of how primary sequence differences exert their effects on binding specificity will require knowledge of three-dimensional structure of the GATA finger domains.
Single-finger GATA proteins bind consensus and nonconsensus GATA motifs. The ability of single-finger proteins to interact with a variety of GATA motifs raises an interesting question: do two-finger proteins have advantages over single-finger proteins in DNA recognition or transcriptional activation? Our analysis suggests that the finger of areA or the carboxy finger of GATA-1 have slightly more restricted sequence specificity compared with those of some of the two-finger proteins examined (Table 1) . One may speculate, therefore, that the addition of a second finger might permit a wider range of DNA-protein interactions, as might be required for developmental and tissue-specific regulation in higher eukaryotic organisms.
Potential in vivo role(s) of nonconsensus GATA sites. Our observation that many variant sequences bind to GATA proteins with high affinity is intriguing on several grounds. Among target cis-regulatory elements through which these VOL. 13 (38) and hypersensitive site 2 of the ,-globin locus control region (27) . In these instances, motifs deviating from the WGATAR consensus were reported to bind GATA-1 protein from crude nuclear extracts. With the method of random site selection, we have shown that these also represent authentic binding sites for recombinant GATA proteins.
Moreover, we have confirmed that bacterially expressed GATA-1 binds the promoter of the human 0-globin gene at an atypical A/GATT/G motif which overlaps a CCAAT box (5) . As shown in Fig. 1 , this motif emerged several times from the pool of our selected sequences. Finally, a naturally occurring nonconsensus site (T/GATJ/A) found in the human a-globin locus control region exhibits a strong in vivo dimethyl sulfate footprint and flanks a region of strong hypersensitivity in erythroid chromatin (33) . This site has been selected and also shown to be a high-affinity binding site for recombinant GATA proteins. As a consequence of our experiments, it may be necessary to consider more broadly where GATA proteins might act within defined promoters or enhancers. We can only speculate at this time as to whether the use of such nonconsensus binding sites is limited to a subset of cis elements, perhaps those with special functional activity.
The finding that members of the GATA family exhibit overlapping, but distinct, sequence specificities is not a unique property of this class of transcription factors. Members of the ets, rel, homeodomain, and SRF families also display common and distinct sequence requirements (7, 17, 24, 28) . A question for further study is the extent to which the differences in binding specificities demonstrated here for the mammalian GATA proteins influence the spectrum of potential target genes in vivo. In cells in which members of the family are coexpressed, do binding differences contribute to the selection of genes on which each acts? In effect, selection of targets by this mechanism would reduce apparent redundancy of DNA-binding factors. Alternatively, if the majority of critical binding sites conform to sequences recognized by several family members, selective binding would play little role in choosing which protein participates in transcriptional regulation of potential targets. In vivo, many parameters are important in defining the functional role (if any) of a given transcription factor binding site, particularly since such short recognition sequences (generally on the order of 6 to 8 bp) are represented far too frequently in genomic DNA. Hence, the context in which a potential binding site is embedded, local chromatin structure, and possible synergistic interactions with other transcription factors recognizing neighboring sites may be the primary determinants of transcriptional outcome. Specific in vivo experiments will be required to address these important biological issues. 
